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ABSTRACT 
 
Water penetration into concrete is one of the main factors to cause the deterioration of structures and 
chloride-induced reinforcing steel corrosion. External sustained mechanical loadings can substantially change 
the internal pore-structure of concrete and then lead to microcracks, which play a critical role in the durability of 
concrete because of the provision of additional pathways for aggressive agents (such as chloride ions, sulfate, 
oxygen, carbon dioxide etc.) to ingress into concrete. This paper presents an experimental investigation into 
capillary absorption of unsaturated concrete subjected to sustained compressive loading. In order to realize the 
couple of loading and water absorption process, the hollow cylinder specimens were loaded to different 
compressive loading levels, and simultaneously tested by an improved device for cumulative absorbed water 
measurement to conduct a series of water absorption experiments. The focus of this paper is to analyze the 
experimental results and quantify the influence of external loading and load-induced microcracks on the water 
absorption of concrete. According to unsaturated flow theory of concrete, the functional relationship with the 
stress level and sorptivity, which can characterize the tendency of concrete to absorb and transmit water by the 
capillary mechanism, is reasonably proposed for analyzing the effect of different compressive loading levels on 
water transport properties. The experimental results indicated that with the increase of applied compressive 
stress, the rate of capillary absorption of load-damaged concrete initially decreases, and with a further increase 
in stress level, one markedly increases. 
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INTRODUCTION 
 
Degradation of concrete structures (e.g. bridge pier, dam, breakwater) occurs due to water transport between the 
environment and the multi-scale pore structure of material. Most familiar deterioration processes can be 
summarized as the corrosion of steel reinforcement, sulfate and chloride attack, frost damage, and so on (Aldea 
et al. 1999; Yang et al. 2006). In each of these processes, water is either the main agent responsible for the 
deterioration of concrete or the principal transporting medium carrying with aggressive species to ingress into 
concrete (Abyaneh et al. 2014; Hall 1989; Wang and Ueda 2011b). The mechanisms of water penetration into 
unsaturated concrete are mainly summarized as the permeability and capillary absorption. Permeability is 
usually an important indicator defined as the movement of fluid through a porous medium under an applied 
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pressure head while capillary absorption is described as the ability of water uptake in porous concrete material. 
Many researchers pointed out that the internal pore structure of concrete, its size distribution, as well as the 
microcracks within concrete determine the rate of capillary absorption (Hall 1989; Martys and Ferraris 1997; 
Yang et al. 2006). The internal pore structure of concrete when subjected to external mechanical loadings will be 
changed or interconnected and more new microcracks may occur, resulting in the change of water transport rate 
in concrete (Şahmaran and Li 2009; Samaha and Hover 1992). 
 
Considerable efforts have been by far dedicated to investigate the influence of cracking or load-induced 
microcracks on mass transport in concrete. Most of them are mainly related to chloride penetration into 
saturated/unsaturated or cracked/uncracked concrete (Boulfiza et al. 2003; Wang and Ueda 2011a). The previous 
works have found that cracks created by naturally loading or artificially cutting a specimen can provide a 
preferential pathway for fluid to flow and concluded the quantitative relation between the chloride diffusivity 
and crack width (Aldea et al. 1999; Djerbi et al. 2008; Šavija et al. 2013; Wang et al. 1997). However, in reality 
the concrete structure may be always under the stress state and may have some microcracks, not cracked 
concrete. With time the applied loads promote crack growth and interconnectivity and in turn, result in an 
increase of transport rate in concrete. Moreover, water is treated as the principal transporting medium carrying 
with aggressive species to ingress into concrete. The clear understanding of water transport in concrete under 
loading will be beneficial to investigate the effect of aggressive species on the corrosion of steel reinforcement. 
Nevertheless, since the sorptivity of concrete should be inversely correlated with its degradability, capillary 
absorption performed on concrete specimens subjected sustained mechanical loading can provide useful 
information concerning quality control and the determination of which samples are likely to have a longer 
service life. 
 
The effect of external mechanical loading on mass transport in concrete has attracted more and more attention in 
recent years (Aldea et al. 2000; Choinska et al. 2007; Hearn 1999; Samaha and Hover 1992; Sakoi and 
Horiguchi 2006; Tegguer et al. 2013; Yang et al. 2006; Wang and Li 2014). Hearn (1999) conducted the water 
permeability of concrete tested after unloading (uniaxial compression stress levels of 0.3, 0.5, 0.7 and 0.8) and 
found that the load-induced cracks have no remarkable effect on the permeability of concrete due to the 
significant elastic recovery of the cracked concrete. Yang et al. (2006) reported an investigation of water 
transport in concrete damaged by tensile loading and freeze-thaw cycling. They pointed that freeze-thaw 
damage resulted in a well distribution crack network throughout the concrete to facilitate water absorption while 
tensile loading had a little increase of that on a local level. Wang and Li (2014) investigated the effect of 
capillary absorption of concrete after being subjected to uniaxial compressive or tensile loading by a series of 
water absorption experiments (three load levels: 70%, 80% and 90%). They found that the rate of capillary 
absorption load-damaged concrete is approximately double of sound concrete within the scope of load level 
studied. Unfortunately, most of them investigated the effect of loads on water transport after unloading due to 
the diffusivity of the couple with loading and mass transport. So the transport properties of capillary absorption 
in unsaturated concrete subjected to external sustained loading have not yet been made clear, especially lack of 
some experimental data to explain this phenomenon. Therefore, there is still much work to be done to give a 
quantitative relationship between the sorptivity and stress levels. It is necessary to make further attempts to 
quantify how transfer water into unsaturated concrete subjected to external sustained loading. 
 
The current paper attempts to gain more insight on the transport properties of capillary absorption under stress 
and conducts an experimental investigation into capillary absorption of unsaturated concrete subjected to 
external sustained compressive loading. The hollow cylinder test specimens under sustained compressive 
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loadings were moved to an improved device for cumulative absorbed water measurement to conduct a series of 
water absorption experiments, realizing the couple of loading and water absorption process. The unsaturated 
flow theory of concrete is utilized to predict the water distribution by means of the functional relationship with 
the stress level and sorptivity experimentally proposed for analyzing the effect of different compressive loading 
levels on water penetration property. 
 
CAPILLARY ABSORPTION OF UNSATURATED CONCRETE 
 
Unsaturated flow theory, which is widely adopted to describe water uptake in soil, can be utilized to explain 
water transport in partially saturated concrete (Goual et al. 2000; Hall 1989; Leech et al. 2003; Lockington 
1993). According to the following assumptions: i) concrete being taken as the porous and semi-infinite media; ii) 
ignoring gas phase of water; Combining with the mass balance equation, the equation for unsaturated flow 
through porous media is expressed by combination of the extended Darcy’s equation due to capillary pressure 
gradient (Hall 1989): 
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where t is the absorption time; dimensionless variable the relative water content θ is scaled to be zero and one 
for the initial and saturated volumetric water content (i.e. volume of water/bulk volume of concrete), Θ i and Θs, 
respectively. Thus θ can be written as θ=(Θ-Θi)/(Θs-Θi), in which Θ is the volumetric water content under any 
state, ranging between Θi and Θs. D(θ) is a material property, generally called the hydraulic diffusivity with 
dimensions L2T-1, which depends both on the type of material and the water content (Leech et al. 2003; 
Lockington 1993).  
 
Using the Bolzmann transform, I=xt-1/2, Eq. (1) for a one-dimensional semi-infinite system is reduced to an 
ordinary differential equation as follows: 
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The approximate analytical solution of Equation (2) with a very high accuracy has been proposed by Parlange et 
al. (1984) as follows: 
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where s is the normalized sorptivity; the parameters A and O(T) are related with D(T). These formulas can be 
given as follows: 
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where the sorptivity S can be experimentally obtained by the absorption test. Obviously, using the 
exponential-law and power function of D(T), the expressions of above-mentioned parameters can be presented 
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as shown Table 1. Finally, the formula of water penetration depth predicted under sustained loading is obtained 
as 
 2 4s s Ax t tA
O TI                                (7) 
where x means the depth from exposed surface, which is mainly related to the normalized sorptivity of concrete.
   
Table 1 Parameter expressions of two kinds of diffusion coefficient 
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EXPERIMENTAL PROGRAM 
Materials and specimen preparation  
 
A group of water absorption experiments were designed and conducted on concrete samples subjected to 
uniaxial sustained compressive loading within various levels. The concretewas designed with water/cement (w/c) 
ratio of 0.45. Ordinary Portland cement 32.5R (type CEM based on the Chinese code) was used. A locally 
available limestone aggregate with a maximum size of 20mm was used as the coarse aggregate. A locally 
available river sand with the fineness modulus of 2.67 and apparent specific gravity of 1450 kg/m3 was used as 
the fine aggregate. In addition, a water-reducing admixture was added at 0.2% by weight of cement to achieve a 
slump with the range of approximately 65~80mm. Details of the mixture proportion are listed in Table 2. 
 
Table 2 Mixture proportions for concrete (kg/m3)  
Cement Coarse aggregate Fine aggregate Water Water reducer w/c 
422.5 1251.25 536.25 190 0.845 0.45 
 
 
(a)                                                  (b) 
Figure 1 (a) Geometry of the specimen; (b) Concrete casted with PVC tubes 
 
D=160mm 
Lateral strain gauge 
Axial strain gauge 
h=200mm 
 
h 
 Ⅰ 
Ⅰ 
1 
3 2 
d=75mm 
 
Ⅰ-Ⅰ 
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Three specimens used for the compressive strength test were cubes with dimensions of 150 mmu150 mmu150 
mm. The cubic compressive strength at 28 days is 44.2 MPa. In order to realize the couple with loading and 
water absorption process, the hollow cylinder specimens were cast in 200u160 mm-diameter plastic molds 
(Figure 1). After finishing, the specimens were covered with a plastic sheet and stored wet at room temperature 
of 23 qC for 24h. Then the internal PVC tubes of specimens were de-molded. The samples were cured in moist 
room (>95% relative humidity) at 23qC until the time of test. Before loading and water absorption, the test 
samples were oven dried at 105qC to constant weight. 
Water absorption test under sustained compressive loading 
After the sealing of epoxy and cover plates, the hollow cylinder specimens were loaded to pre-estimated stress 
levels using 3000kN compression frame for obtaining the sustained loading and conducted at the same time 
water absorption test (see Figure 2). The improved test setup adopted the principle of communicating vessel that 
can realize the couple of water transport and loading and ensure the continuity of water absorption process. The 
apparatus consists of a water injection funnel to maintain the water supply and a tube with scale used to timely 
measure the change of water volume. The device is integrally connected with the hollow cylindrical specimen. 
After 36h testing, the hollow concrete cylinders were sequentially loaded to obtain the real compressive strength 
(as shown Table 3). The axial contraction of the specimen was monitored by the average of the data of two 
linear variable displacement transducers (LVDT) placed on the lateral side of specimen. During loading, the 
stress-strain responses were recorded by three lateral and two axial strain gauges (Figure 1a). In order to analyze 
the influence of compressive stress on the sorptivity, the stress level, Oc, is defined as the ratio between the 
applied stress (Vc) and the measured strength of the concrete (fc): 
100%cc
cf
VO  u (8) 
The relationship curves of different compressive stress levels versus axial, lateral and volumetric strains are 
shown in Figure 3.  
  (a)                                             (b) 
Figure 2 (a) Schematic view of test apparatus; (b) Overall view of the experimental device 
Reservoir 
Valve 
Epoxy sealing 
Compressive load 
Cover plate 
Tube with scale Loading frame 
Specimen 
LVDT 
Load transducer 
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Table 3 Stresses of hollow concrete cylinders subjected to sustained compressive loadings 
Specimens 
fc
(MPa) 
Vc
(MPa) 
Oc
(%) 
Y0 — — 0 
Y1-1 19.27 1.91 9.91 
Y1-2 15.66 1.91 12.20 
Y2-1 18.28 2.87 15.70 
Y2-2 16.53 2.87 17.36 
Y3-1 19.33 3.83 19.81 
Y3-2 16.98 3.83 22.55 
Y4-1 20.02 5.74 28.67 
Y4-2 17.05 5.74 33.67 
Y5-1 22.36 7.65 34.21 
Y5-2 22.24 7.65 34.40 
Y6-1 24.51 9.57 39.04 
Y6-2 21.77 9.57 43.96 
Y7-1 25.36 11.48 45.27 
Y7-2 23.17 11.48 49.55 
Y7-3 22.48 11.48 51.06 
Figure 3 Compressive stress levels versus axial, 
lateral and volumetric strains         
Figure 4 Schematic diagram of simplified 
cross-sectional area 
RESULTS AND DISCUSSION 
Cumulative water content 
Cumulative water content, i(mm), is defined as the cumulative volume of water absorbed per unit inflow surface 
area and increases with the square root of elapsed time (Hall 1989):  
w c
mi S t bAU
'    (9) 
in which 'm is the weight of absorbed water at the given time (g); Uw is the density of water (g/mm3); The 
sorptivity S presents the rater of water absorption in porous materials; b is a correction term accounted for 
surface effects at the time the specimen is placed in contact with the water; Ac is the cross-sectional area of the 
water exposed surface (mm2), but for the hollow cylinder specimens, it is rather than constant and increases with 
Sd Sd
2
D d
(b)Simplified area 
SD
(a) Geometry 
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the increase of radius. In order to simply describe 1D water transport, from the view of the saturated porosity of 
concrete, a correction factor E of this simplified method is defined as (as shown Figure 4) 
/ 2r d
dE
                                       (10) 
where r means the average radius of specimen sample at a given time. 
 
Hansen (1986) pointed out that the fractional volumes of all major constituents in the physical structures of 
cement paste can be estimated from the water-cement ratio (w/c) and the degree of hydration of the cement past 
(D), and the total porosity under unstressed state p0 can be written as 
0
/ 0.17
/ 0.32
w cp w c
D                                    (11) 
According to previous studies, the effect of the external mechanical loading on the chloride diffusivity in 
concrete is treated as the change of porosity on the chloride diffusivity. As shown in Figure 5, the impact factor 
Op of the porosity under sustained compressive loadings can be written by fitting regression of experimental 
results (Sakoi and Horiguchi 2006; Rahman et al. 2012; Teggure et al. 2013). Typical results of cumulative 
water content in unsaturated concrete subjected to various sustained compressive loadings are presented in 
Figure 6. It can be seen that the changing porosity or microcracks caused by sustained compressive loading has 
an apparent influence on cumulative water content.  
  
Figure 5 Relationship between the diffusivity and 
compressive stress level                  
Figure 6 Effect of different stress levels on 
cumulative water absorption   
 
Analysis of sorptivity 
 
The sorptivity of unsaturated concrete measures the ability of this porous material to transfer fluids under a 
gradient of capillary pressure, which is a key parameter for assessing the service life of concrete structures 
exposed to some harsh environments (Hall 1989; Wang and Ueda 2011a). The water uptake depends largely on 
inherent microcracking within the concrete and the interconnected pore network within the hydrated cement 
paste induced by the external mechanical loadings. Yang et al. (2006) pointed out that two linear portions 
respectively corresponded to the rapid saturation of capillary pores and the slow filling of air voids. From Figure 
6, these curves can in principle reflect the initial absorption and much longer absorption. Based on 
above-mentioned Equation 9, the initial and second sorptivity (S1 and S2) can be reasonably calculated. Figure 7 
has presented the effect of sustained compressive load level and porosity on the two corresponding sorptivities. 
The initial rate of water absorption is apparently higher than the second phase of ones. One can see that the 
initial sorptivity is more sensitive to the porosity than the second sorptivity as a result of the interconnectivity of 
pores in the cement paste and microcracking in the concrete, especially in the interfaces between aggregates and 
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cement pastes. Sustained compressive loadings can make this interconnectivity and microcracking stable. It is 
observed that there is slightly decrease of sorptivity in the sustained compressive load level below 30% due to 
the axial compaction of concrete. At this stage, the loading has no influence of the pores in cement paste and 
microcracks of interface. However, with the increase of load levels, when Oc>30%, the initial and second 
sorptivities of unsaturated concrete have a greater increase. Meanwhile, it suggests that the sustained loading 
results in the pores interconnected and more new microcracks may develop and propagate. The functional 
relationship between the stress level and sorptivity is obtained by fitting test data for analyzing the effect of 
different compressive loading levels on water content distribution. 
 
   
(a)                                        (b) 
Figure 7 Effect of sustained compressive load level and porosity on the sorptivity
 
Prediction of water content distribution 
 
As shown in Figure 7b, the experimentally obtained relationship curves between sustained compressive stress 
level and sorptivity can be adopted to predict water content distribution in concrete under any stress states. 
Based on the unsaturated flow theory of capillary absorption, five kinds of sustained compressive stress levels of 
0%, 10%, 30%, 50% and 70% were chosen to conduct the predictions of water distribution after various elapsed 
times as shown in Figure 8. The penetration depths of water calculated by two kinds of diffusivities 
(exponential-law and power function) are compared. One can find that the stress level below 30% has no greater 
influence on the penetration depth of water, but with a further increase in stress level, one markedly increases. 
 
   
(a)  t=5min                  (b)  t=30min                  (c)  t=60min 
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(d)  t=90min                   (e)  t=120min 
Figure 8 Prediction of water distribution subjected to sustained compressive loadings after various elapsed times 
 
CONCLUSIONS 
 
In the present paper, an improved test setup for measuring the sorptivity of concrete subjected to sustained 
compressive loadings was developed to investigate the effect of the internal pore-structure or microcracks on 
water absorption. The functional relationship between stress level and sorptivity is reasonably proposed for 
analyzing the effect of different compressive loading levels on water transport property. Combined with 
unsaturated flow theory and the available experimental findings, the exponential-law and power function of 
diffusivities are adopted to conduct the prediction of water distribution under some stress states after various 
elapsed times. The experimental results indicated that with the increase of applied compressive stress, the rate of 
capillary absorption in load-damaged concrete initially decreases (stress level lower than 30%), but it has a 
sharp increase with a further increase in stress level. The lower sustained compressive loading has no influence 
of the pores in cement paste and microcracks of interface while the upper one can change the pore structure and 
even make the interfacial crack or microcrack develop and propagate, resulting in the change of transport 
property. Similarly, the presence of a compressive stress below this threshold value has no influence on the 
depth of water penetration into concrete, but when the applied stress exceeded this threshold, a significant 
increase in the depth occurred. 
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